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摘  要 
化石燃料燃烧产生的 CO2 持续不断地释放到大气中，其中约有 1/4~1/3 会被
海洋吸收，从而导致表层海水 pH 下降，造成所谓的海洋酸化，对海洋系统造成
严重影响。有报道指出海洋酸化胁迫会影响海洋钙质生物的生长发育、基因表达
和代谢过程，但关于海洋酸化对鲍基因表达及代谢过程影响的研究还较少。另外，
有许多研究指出环境胁迫会改变生物的 DNA 甲基化状态，从而影响生物的基因
表达，调节生物在胁迫环境中的生存与发育状态，但在海洋钙质生物中相关的研
究有限。本实验通过模拟未来的海洋环境（对照组：400ppm、中度酸化组：800ppm
和高度酸化组：1500ppm），研究短时间和长时间酸化胁迫对皱纹盘鲍（Haliotis 
discus hanai）和杂色鲍（Haliotis diversicolor）生长发育及存活的影响，并从 DNA
甲基化、基因表达和代谢组层面探究了酸化胁迫对鲍分子功能的影响。主要研究
结果如下： 
1. 海洋酸化胁迫对皱纹盘鲍和杂色鲍成体生长存活的影响 
短时间（胁迫时长 2W 以内）中度酸化胁迫能促进皱纹盘鲍和杂色鲍的生长，
而短时间高度酸化胁迫只促进皱纹盘鲍的生长却抑制杂色鲍的生长；长时间（胁
迫时长达 4M 级以上）中度和高度酸化胁迫都会抑制皱纹盘鲍和杂色鲍的生长。
短时间酸化胁迫不会导致皱纹盘鲍的死亡，但会使杂色鲍的死亡率明显增加；长
时间高度酸化胁迫会使皱纹盘鲍的成体死亡率明显增加，而中度酸化胁不影响皱
纹盘鲍的存活；但长时间中度和高度酸化胁迫都会导致杂色鲍的死亡率明显增加。 
2. 皱纹盘鲍亲本经长时间（10.5M）酸化胁迫对其幼体发育的影响 
在比较酸化水体与正常水体中幼体发育情况时发现：（1）就受精率和畸形率
而言，不论亲本是否提前经酸化胁迫处理，高度酸化胁迫会导致皱纹盘鲍的受精
率降低和畸形率升高。（2）就孵化率而言，父母本均未提前经酸化胁迫处理时，
酸化胁迫会降低皱纹盘鲍的幼体孵化率；但父母本中有一方提前经酸化胁迫处理
时，酸化胁迫组的孵化率会升高。（3）就死亡率和面盘幼体的壳长而言，在母本
未经酸化胁迫处理而父本提前经长时间酸化胁迫处理时，酸化胁迫会降低幼体死
亡率、增加壳长，即有利于幼体在酸化环境中的生存与生长；但当母本经长时间
酸化胁迫处理时，父本提前经酸化胁迫处理形成的有利作用会消失。 
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比较亲本未经与提前经酸化胁迫时的幼体发育情况发现：（1）就受精率而言，
与亲本未经酸化胁迫时相比，亲本经长时间高度酸化胁可提高受精率，而亲本经
长时间中度酸化胁迫会降低受精率。（2）就孵化率而言，在母（父）本未经酸化
胁迫时，父（母）本提前经长时间酸化胁迫处理会提高酸化水体中的幼体孵化率
（与父（母）本未经酸化时相比），但正常水体中相反。（3）就畸形率、死亡率
和面盘幼体壳长而言，在母本未经酸化胁迫时：父本提前经酸化胁迫处理会使皱
纹盘鲍在酸化水体中的幼体畸形率和死亡率降低、面盘幼体壳长增加（与父本未
经酸化胁迫时相比），但正常水体中的情况相反；当母本也提前经酸化胁迫处理
时：父本经提前酸化胁迫处理形成的胁迫环境中的生长、发育优势会减弱。另外，
不论父本是否提前经酸化胁迫处理，母本提前经酸化胁迫处理会使正常水体和酸
化水体中的幼体畸形率和死亡率升高、面盘幼体壳长降低（与母本未经酸化胁迫
时相比）。 
3. 海洋酸化胁迫对皱纹盘鲍和杂色鲍外套膜 DNA 甲基化的影响 
皱纹盘鲍和杂色鲍的外套膜 DNA 总甲基化率分别在 22.76%~32.46%和
50.32%~57.72% 的范围内，其中外部半甲基化率分别在 3.40%~7.96% 和
12.37%~21.06% 的 范 围 内 ， 内 部 全 甲 基 化 率 分 别 在 18.40%~24.52% 和
34.22%~41.83%的范围内。皱纹盘鲍外套膜 DNA 的总甲基化率、外部半甲基化
率和内部全甲基化率都低于杂色鲍，但两者均表现出内部全甲基化率（CG 型）
高于外部半甲基化率（CHG 型）的情况。皱纹盘鲍在胁迫 24h、1W 和 1Y 时，
酸化组和对照组之间的总甲基化率无显著差异，但都表现出酸化组低于对照组的
趋势；在胁迫 3M 时，高度酸化组的 DNA 总甲基化率显著低于对照组和中度酸
化组，而中度酸化组与对照组之间无显著差异，而且这种显著差异是由内部全甲
基化率的显著降低引起的。但杂色鲍在所有已测的胁迫时间点内，酸化组和对照
组之间的总甲基化率均无显著差异，但表现出酸化组高于对照组的趋势。 
4. 海洋酸化胁迫对皱纹盘鲍壳形成相关基因表达的影响 
本实验共分析了 11 个壳形成相关基因的表达情况，其中 HasSom、TYR 和
PRX 可促进角质层着色，HasSom 在短时间酸化胁迫时表达显著增加，而 TYR
和 PRX 在长时间酸化胁迫时出现表达量升高的趋势（未达到显著升高水平）。
EPP 基因具有协助 HasSom 参与角质层着色的功能，在酸化胁迫未达 1Y 时表现
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出对 HasSom 基因的补偿作用，但胁迫达 1Y 时补偿作用消失。CaM 基因在短时
间酸化胁迫时显著降低表达，表现出对钙化过程的补偿作用；而在长时间胁迫时
表现出表达升高的趋势，可促进角质层修复，但胁迫达 1Y 时修复作用消失。CA
基因在高度酸化胁迫条件下表现出表达降低的趋势，有助于缓解鲍体内 pH 降低，
对钙化有利。NACR 基因具有壳修复的功能，酸化胁迫具有增强其表达的趋势，
且在中度酸化胁迫条件下能更快速明显地发挥修复作用。CHI 和 Pif177 基因具
有缓解酸化胁迫对珍珠层损伤的作用，其中 CHI 仅在中度酸化胁迫时发挥缓解
作用；Pif177 基因在短时间胁迫时发挥较强的缓解作用，随胁迫时间延长作用减
弱。PLUC 和 PLUS 基因具有促进文石晶体沉淀的作用，可发挥珍珠层修复作用，
其中 PLUC 在长时间酸化胁迫时更能发挥修复作用；PLUS 在中度酸化胁迫时，
短时间内可发挥修复作用，而在高度酸化胁迫时，需经长时间胁迫才能发挥修复
作用。 
5. 长时间海洋酸化胁迫对皱纹盘鲍影响的代谢组学分析 
通过 OPLS-DA 和聚类分析发现对照组和高度酸化组样品可以明显区分，
GC-MS 分析检测出 628 个代谢物，经数据过滤筛选保留 549 个注释代谢物。最
终筛选出 10 个显著差异代谢物，均为高度酸化组上调表达，其中果糖-2、苏糖
酸和 4-羟基苯乙酸的含量是对照组的 2 万倍以上。通过代谢通路分析发现生物素、
6-磷酸葡萄糖-1、α-氨基乙二酸和苏糖酸与能量代谢相关；果糖-2 与蛋白质和核
酸合成相关；吲哚-3-乙酸和 4-羟基苯乙酸与角质层色素合成相关，表明酸化胁迫
会影响皱纹盘鲍的能量代谢、蛋白和核酸合成及壳角质层着色过程。上述结果表
明生物素、6-磷酸葡萄糖-1、α-氨基乙二酸、果糖-2、苏糖酸、吲哚-3-乙酸和 4-
羟基苯乙酸具有成为皱纹盘鲍酸化胁迫检测的生物标记物的潜力。 
 
关键词：海洋酸化；鲍；DNA 甲基化；基因表达；代谢组  
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Abstract 
The carbon dioxide generated by the burning of fossil fuels continuously released 
into the atmosphere. About 1/4 ~1/3 of the carbon dioxide will be absorbed by the 
oceans, which led to the decrease of the pH value of surface water, forming the 
so-called ocean acidification, and causing the serious impact on the Marine system. 
There are reports that ocean acidification can affect the growth and development, gene 
expression and metabolic process of marine calcareous organisms. But the researches 
about the effects of ocean acidification on gene expression and metabolic process of 
abalone are still few. In addition, many studies have shown that environmental stress 
will change the biological state of DNA methylation, thus affect the gene expression 
and adjust the survival and development state of organisms. But the related researches 
are limited in the marine calcareous organisms. By simulating the future marine 
environment (control group: 400ppm, medium acidification groups: 800ppm and high 
acidification groups: 1500ppm), our experiments studied the effects of the short-term 
and long-term acidification on the growth and survival of Haliotis discus hanai and 
Halotis diversicolor, and explored the effects on molecular function of abalone from 
the level of DNA methylation, gene expression and metabolome. The main results 
were as follows: 
1, Effects of ocean acidification on the growth and survival of adult Haliotis 
discus hanai and Halotis diversicolor. 
The short-term (the time of stress within 2W) moderate acidification could 
promote the growth of Haliotis discus hanai and Halotis diversicolor, while the 
short-term high acidification only could promote the growth of Haliotis discus hanai, 
and inhibited the growth of Halotis diversicolor. The long-term (the time of stress 
above 4M) moderate and high acidification would inhibit the growth of Haliotis 
discus hanai and Halotis diversicolor. The short-term acidification would not cause 
the death of Haliotis discus hanai, but obviously increased the mortality rate of 
Halotis diversicolor. The long-term high acidification would obviously increase the 
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mortality rate of adult Haliotis discus hanai , while the moderate acidification would 
not affect the survival of Haliotis discus hanai. But both of the long-term moderate 
and high acidification could significantly increase the mortality rate of Halotis 
diversicolor. 
2, Effects on the larval development when abalone parents cultured in the 
long-term acidification(10.5 M). 
In comparison with the larval development of acidified water and normal water, 
it was found that: (1) In terms of fertilization rate and deformity rate, regardless of 
whether the parent was treated by acidification in advance, the high acidification 
could lead to the decrease of fertilization rate and the increase of deformity rate. (2) In 
the hatching rate, when the parents weren’t treated by the acidification in advance, the 
acidification would reduce the hatching rate of Haliotis discus hanai; but when one of 
the parents was treated by the acidification, the hatching rate of acidification group 
would rise. (3) In the case of the mortality rate and shell length of the veliger, when 
the male parent was treated with long-term acidification while the female parent was 
not treated by acidification, the larvae mortality was reduced and shell length was 
increased. It would benefit the survival and growth of the larvae under the 
acidification environment. But when the female parent was also treated with 
long-term acidification, the beneficial effects of the male parent treated by 
acidification in advance would disappear.  
Comparing the larval development under conditions that the parents not treated 
by acidification to ones that the parents treated by acidification in advance, it showed 
that: (1) In terms of fertilization rate, comparing with the parents not treated by 
acidification, parents treated by the long-term high acidification could increase the 
fertility rate, while the parents treated by the long-term moderate acidification would 
decrease the fertility rate.（2）For the hatching rate, when the female (male) parent had 
not been subjected to acidification, the male (female) parent treated by long-term 
acidification in advance would raise the larvae hatching rate in acidified water 
(compared with male (female) parent had not been subjected to acidification), which 
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was in contrast with the situation in the normal water. （3）For the deformity rate, 
mortality rate and veliger shell length, when the female parent was not treated by 
acidification, the male parent treated by acidification in advance would decrease the 
larvae deformity rate and mortality rate of Haliotis discus hanai, and increase the 
veliger shell length(compared with male parent had not been treated by acidification), 
which was in contrast with situation in the normal water. When the female parent is 
also treated by acidification in advance, the advantages by the male parent treated by 
acidification on the growth and development will be weakened. In addition, regardless 
of whether the male parent was treated by acidification in advance, the female parent 
treated by acidification in advance would increase the deformity rate and mortality 
rate, and decrease the veliger shell length in the normal water and acidified 
water(compared with female parent had not been treated by acidification). 
3, Effects of marine acidification on DNA methylation of Haliotis discus 
hannai’s and Haliotis diversicolor’s mantle. 
The total DNA methylation rate of Haliotis discus hannai’s and Haliotis 
diversicolor’s mantle was 22.76% ~ 32.46% and 50.32% ~ 57.72%, respectively. The 
external semi-methylation rates were in the range of 3.40% ~ 7.96% and 12.37% ~ 
21.06%, and the internal full-methylation rates were within the range of 18.40% ~ 
24.52% and 34.22% ~ 41.83%. The total methylation rate, external semi-methylation 
rate and internal full-methylation rate of the mantle of Haliotis diversicolor were 
higher than that of Haliotis discus hannai. But both of them showed that the internal 
full-methylation rate (CG type) was higher than the external semi-methylation rate 
(CHG type). For Haliotis discus hannai，there was no significant difference in the 
total methylation rate between the acidification group and the control group at 24 h, 1 
W and 1 Y, but all showed that the acidification group was lower than the control 
group. After stressed for 3M, the total DNA methylation rate in high acidification 
group was significantly lower than that in control group and moderate acidification 
group, while there was no significant difference between moderate acidification group 
and control group. And this significant difference was caused by the significant 
reduction of internal total methylation rate. However, for Haliotis diversicolor, there 
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was no significant difference in the total methylation rate between the acidification 
group and the control group at all measured stress points. It showed that the total 
methylation rate in the acidification group was higher than that in the control group. 
4, Effects of marine acidification on expression of shell formation related genes 
in Haliotis discus hannai. 
In this study, the expression of 11 shell formation related genes was analyzed. 
Among them, HasSom, TYR and PRX genes could promote the dye of the cuticle, 
and the expression of HasSom gene in the short-term acidification was significantly 
increased, while the expression of TYR and PRX genes in the long-term acidification 
had a trend of increasing, but not reaching a significant level. EPP gene has the 
function of assisting HasSom gene to participate in the dye of the cuticle. It showed 
the compensation effect to the HasSom gene when the acidification was less than 1Y, 
but the compensation effect would disappear when the stress reached 1Y. CaM gene 
was significantly decreased in short-term acidification, showing the compensation 
effect on calcification process, while the expression of CaM gene was increased in 
long-term stress, which could promote the repair of cuticle，but the promoting effect 
would disappear when the stress reached 1Y. The expression of CA gene showed a 
trend of decreasing in high acidification stress, which was helpful to alleviate the 
decrease of pH in the abalone body and beneficial to calcification. NACR gene has 
the function of shell repair, and acidification has the tendency to enhance its 
expression. It could play a more rapid repairing effect under moderate acidification 
conditions. CHI and Pif177 genes had the effect of alleviating acidification on the 
damage of nacre layer. CHI gene only played a mitigating effect in the moderate 
acidification, and Pif177 gene played a strong remission in short-term acidification 
and decreased with prolonged stress time. PLUC and PLUS genes had the effect of 
promoting the precipitation of aragonite crystal, which could repair the nacre layer. 
PLUC gene played a strong repair effect in the long-term acidification. In the 
moderate acidification PLUS gene could play a repair effect in the short time, while in 
the high acidification, it needed a long-term stress to play a repair role. 
5, Metabolomics analysis for effects of long-term ocean acidification on Haliotis 
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